A novel method of purification for single-walled carbon nanotubes, prepared by an arc-discharge method, is described. The method involves a combination of acid washing followed by high temperature hydrogen treatment to remove the metal nanoparticles and amorphous carbon present in the as-synthesized singlewalled carbon nanotubes. The purified single-walled carbon nanotubes have been characterised by low-angle X-ray diffraction, electron microscopy, thermo-gravimetric analysis and Raman spectroscopy.
Introduction
Carbon nanotubes have interesting properties due to their one-dimensional structure and giant molecular nature.
1,2 A single-walled carbon nanotube (SWNT) can be either metallic or semi-conducting depending on the diameter and chirality.
3 Single-walled carbon nanotubes were discovered 4, 5 in 1993 and large quantities of SWNTs have been prepared by both laser ablation and arc discharge methods. 6, 7 SWNTs have also been prepared by the pyrolysis of hydrocarbons on nanometer sized metal catalysts. 1, 2, 8 The SWNTs prepared by these procedures contain impurities like fullerenes, metal catalyst particles that are most often coated with layers of carbon, generally in the amorphous form. The raw SWNTs samples have been purified by various methods.
9-18 Hydrothermal treatment has been used by Tohji et al 9, 10 to remove the amorphous carbon from the nanotube surface. Smalley and coworkers [11] [12] [13] have used micro-filtration to eliminate the amorphous carbon and catalyst particles. Fullerenes have been removed by solvent extraction. Most of the procedures employ acid treatment to dissolve the metal particles and air oxidation for removing the amorphous carbon.
9-18 Margrave and coworkers 16, 17 have employed gas-phase purification to obtain pure SWNTs. Martinez et al 18 have used microwave acid digestion to reduce the time taken for the purification. High temperature annealing of the purified samples has been adopted by some procedures. 12, 15 This removes the chemical functional groups created on the nanotube surface due to acid treatment.
1,2 It is also important to note that the purification procedure employed is sample dependent.
15 There are only a few procedures to purify SWNTs prepared by the arc discharge method. 9, 10, 18 In this paper we report a simple and novel procedure to purify ¶ Dedicated to Professor C N R Rao on his 70th birthday *For correspondence SWNTs produced by the arc discharge method. 7 We have combined air oxidation, acid treatment and high temperature hydrogen etching to obtain highly pure SWNT samples. The high temperature hydrogen treatment helps in the removal of amorphous carbon simultaneously the SWNTs are also annealed. We have used low-angle powder X-ray diffraction, electron microscopy, thermogravimetric analysis and Raman spectroscopy to characterize the sample purity.
Experimental
The SWNTs for the experiments were prepared by the method as reported by Journet et al. 7 Briefly, the SWNTs were synthesized by the DC arc discharge method using a composite rod containing Y 2 O 3 (1 at.%) and Ni (4⋅2 at.%) as the anode and a graphite rod as the cathode, under a helium pressure of 660 torr with a current of 100 A and 30 V. The nanotubes were heated in air at 573 K for 12 h to remove the amorphous carbon coating on the catalyst particles. The SWNT sample was then stirred in conc. HNO 3 at 333 K for 24 h in order to dissolve the metal nanoparticles. The sample was washed with distilled water, dried and dispersed in ethanol under sonication and filtered using Millipore (0⋅3 µm) filter paper, the SWNTs were collected on the filter paper. Later, this was dried in the oven at 373 K for 2 h. The sample was heated in a furnace at 1473 K, in flowing hydrogen at 100 sccm (standard cubic centimetre per minute) for 2 h. This SWNTs sample was again stirred in conc. HNO 3 at 333 K for 3 h and finally heated in a furnace at 1573 K for 2 h in flowing hydrogen (100 sccm). The overall scheme of purification is illustrated in figure 1 .
Functionalized SWNTs were obtained in three steps. In the first step, acid treated SWNTs (sample B) were refluxed in a mixture of conc. HCl and H 2 O 2 for 30 min. In the 
